In the Municipality of Chimaltenango, Guatemala, we sampled groundwater for total inorganic arsenic. In total, 42 samples were collected from 27 (43.5%) of the 62 wells in the municipality, with sites chosen to achieve spatial representation throughout the municipality. Samples were collected from household faucets used for drinking water, and sent to the USA for analysis. The only site found to have a concentration above the 10 μg/L World Health Organization provisional guideline for arsenic in drinking water was Cerro Alto, where the average concentration was 47.5 μg/L.
INTRODUCTION
Arsenic is a naturally occurring element present in the air, water and land. Ingestion of inorganic arsenic has been shown to cause noncarcinogenic adverse health effectsincluding skin lesions, high blood pressure, circulatory problems, decrements in lung function, gastrointestinal symptoms, and neurological and reproductive effectsas well as cancers, primarily of the skin, bladder and lung (Agency for Toxic Substances and Disease Registry (ATSDR) ). Over 140 million people in at least 70 countries have been exposed to arsenic concentrations above the World Health Organization (WHO) provisional guideline of 10 μg/L as a result of naturally contaminated groundwater or surface water (Ravenscroft ) . With increasing use of groundwater globally (Shah ) , and the fact that The Municipality of Chimaltenango, Guatemala is a 212 km 2 area with a population of 74,077 according to the 2002 census (Instituto Nacional de Estadística (INE) ).
Projections from the Guatemalan National Institute of Statistics (Instituto Nacional de Estadística) estimated the population to be approximately 125,000 in 2012, and to increase in the years that follow (INE ). The city of Chimaltenango is the main urban center within the municipality, and Cerro Alto is one of several small rural communities surrounding the city. Unpublished data from the Cerro Alto community in 2009 estimated the population to be 1,283.
The impetus for this current study came from a drinking water metals analysis performed in the community of Cerro Alto in 2009 as part of a university service-learning project.
Results showed total inorganic arsenic concentrations in the community's two wells of 48.97 and 55.15 μg/L, respectively. Since these levels were approximately five times in excess of the WHO provisional guideline for arsenic in drinking water (WHO ), the results and their potential health implications were discussed both with the community and with officials in the Ministry of Health and Public Assistance in Chimaltenango. It was agreed that further testing of other wells in the area would be performed to determine regional concentrations of arsenic in drinking water and to estimate health risks for those exposed.
The objectives of this study were to characterize the presence of arsenic in groundwater drinking sources in the Municipality of Chimaltenango, Guatemala, and to estimate the risks for carcinogenic and noncarcinogenic health outcomes for residents consuming that water.
METHODS

Sample collection
Groundwater samples of 950 mL were collected throughout the Municipality of Chimaltenango over a 3-day period in January 2012. In total, 55 samples were collected at sites in an effort to achieve spatial representation; sites were chosen in part due to convenience (e.g., well accessibility, road conditions, and time constraints). The majority of the wells (N ¼ 38) were located within the city of Chimaltenango, while the remaining (N ¼ 24) were in rural communities outside of the city. Samples were collected at 13 (34.2%) of the 38 urban wells and 14 (58.3%) of the 24 rural wells. In all, 27 (43.5%) of the 62 wells in the municipality were sampled (see Figure 1 ).
To accurately determine individual exposure to arsenic in drinking water, samples were collected from a nearby household faucet used as a source of drinking water; all samples were collected prior to intermediate household storage, if present. Duplicate samples were taken at the majority (N ¼ 20/27) of the sites, and blank samples (N ¼ 8) were prepared in the field and stored and shipped alongside the other field samples. Global positioning system (GPS) coordinates were taken at all sites using a handheld GPS device (Trimble ® , Sunnyvale, CA).
Sample analysis
Analysis for total inorganic arsenic was performed by an American Industrial Hygiene Association accredited 
where L(ADD) O /ADD O is the estimated daily oral intake of arsenic (mg/kg-d); C w is the concentration of arsenic in water (milligrams per liter); IR is the water ingestion rate (liters per day); EF is the exposure frequency (days per year); ED is the exposure duration (years); BW is the body weight (kilograms); and AT is the averaging time (days).
The hazard quotient (HQ) is an indicator of risks associated with health effects other than cancer, and the ECR is the incremental probability of an exposed person developing cancer over a lifetime. Hazard quotients are scaling factors and are not statistically based the greater the value of the HQ above unity, the greater the level of concern for potential adverse systemic health effects in the exposed individuals (USEPA ). The USEPA's acceptable criterion for carcinogenic risks is based on public policy as described in the National Contingency Plan and is the exposure concentration that represents an ECR in the range of 10 À4 to 10 À6 , (i.e., 1 in 10,000 to 1 in 1,000,000 excess cancer cases) (USEPA ). The oral hazard quotient (HQ O ) and oral excess cancer risk (ECR O ) were calculated using the following equations (USEPA ).
Non-cancer risk:
Excess cancer risk: 
RESULTS
Groundwater arsenic concentrations
Arsenic concentrations for each site are reported in Table 2 . Cerro Alto was the only site with notably elevated arsenic levels (mean: 47.5 μg/L), which were consistent with our initial 2009 findings.
Risk assessment
The calculated values for the ADD O and [L(ADD) O ] are presented in risk at 70 years of age (see Table 5 ). The hazard indices for Cerro Alto were 4.5 and 27 for CTE and RME conditions, respectively. The lifetime ECR O s in Cerro Alto of 9.5 × 10 À4 and 5.8 × 10 À3 exceed the 10 À4 to 10 À6 range deemed acceptable by the USEPA (USEPA ). Groundwater arsenic concentrations found in the rest of the municipality did not result in an unacceptable HQ O or ECR O for any age range using either CTE or RME conditions under the USEPA criteria described above. 3.3 × 10 À7 2.1 × 10 À5 8.6 × 10 À7 5.5 × 10 À5 4.1 × 10 À6 2.6 × 10 À4 RME ADD O 8.7 × 10 À5 4.5 × 10 À3 3.4 × 10 À5 1.8 × 10 À3 3.7 × 10 À5 1.9 × 10 À3 L(ADD) O 2.5 × 10 À6 1.3 × 10 À4 6.9 × 10 À6 3.6 × 10 À4 2.9 × 10 À5 1.5 × 10 À3 facility is located adjacent to Cerro Alto, this potential source deserves further investigation.
DISCUSSION
A likely source may be derived from the fact that Cerro Alto is situated within an area of tertiary volcanic rocks, and all other sites sampled are located outside of this geological zone, as shown in Figure 1 . It has been recognized that volcanic rocks can contribute to elevated arsenic levels in water, including in many areas of Central America 
Significance of health risk assessment
In reviewing the outcomes of the health risk assessment, there is no potential concern with the levels of arsenic caus- Due to a lack of completeness in the data for these parameters for all age groups, standard values and those 4.9 × 10 À6 3.1 × 10 À4 3.9 × 10 À6 2.5 × 10 À4 6.1 × 10 À6 3.9 × 10 À4 RME HQ O 0.29 15 0.11 5.9 0.12 6.4 ECR O 3.7 × 10 À5 1.9 × 10 À3 3.1 × 10 À5 1.6 × 10 À3 4.3 × 10 À5 2.2 × 10 À3 (mg/kg-d) À1 , a roughly seven-fold increase from the current 1.5 (mg/kg-d) À1 . The quality review of the draft report is yet to be finalized; however, use of this newly developed cancer slope factor would significantly increase carcinogenic risk estimates in Cerro Alto. The risks calculated in this study represent values that should cause concern and prompt the discontinuation of drinking from the contaminated source until the arsenic concentrations can be brought down to safe levels.
Study limitations
While multiple sites were sampled to the south, east, and west of Cerro Alto, no sites were sampled to the north; therefore, this region remains largely uncharacterized. The scope of our study was to characterize arsenic concentrations in the Municipality of Chimaltenango, and sites further north were located in a different municipality. Additionally, prior to sample collection, no data on well locations were available in order to design a more informed sampling strategy.
The site nearest to Cerro Alto, Bola de Oro, was also not sampled and may have similarly elevated arsenic levels.
Results of our risk assessment indicate an increased risk of arsenic-related carcinogenic and noncarcinogenic health outcomes for residents of Cerro Alto. However, no data on the prevalence of such outcomes (e.g., skin lesions) are available for the Cerro Alto community, nor was biological monitoring (e.g., hair or nail samples) conducted. Such information, were it available, would help confirm the health risk estimates developed, and contribute to a more precise characterization of the extent of arsenic exposure.
Recommendations
It is evident that the arsenic levels in the drinking water supply of Cerro Alto have the potential to cause adverse health effects. The first option should be to find an alternative water source free of arsenic. This strategy has the advantage of not having to maintain or pay for treatment processes, although both capital and operating costs would still be involved. Acquiring access to another water source for the residents of Cerro Alto may not be feasible due mainly to the financial constraints and geographical iso- 
CONCLUSIONS
This study contributes to the limited available data on groundwater arsenic in Guatemala and to the potential number of individuals exposed to elevated concentrations of arsenic in drinking water. Our measurements confirmed elevated arsenic levels in Cerro Alto drinking water; although, we did not find any other location in the Municipality of Chimaltenango that exceeded the WHO provisional guideline of 10 μg/L. Evidence to date suggests that the presence of volcanic rock in Cerro
Alto is the source of the high arsenic concentrations found there. As this geologic zone extends to other municipalities in the region, it is possible that other populations are using water with similar arsenic levels as those in Cerro Alto; for this reason, further sampling should be conducted in these neighboring areas to assess the validity of this hypothesis. Risk estimates showed that at the level of arsenic found in the drinking 
